Cushing's disease (CD) arises from pituitary-dependent glucocorticoid excess due to an ACTH-secreting corticotroph tumor. Genetic hits in oncogenes and tumor suppressor genes that afflict other pituitary tumor subtypes are not found in corticotrophinomas. Recently, a somatic mutational hotspot was found in up to half of corticotrophinomas in the USP8 gene that encodes a protein that impairs the downregulation of the epidermal growth factor receptor (EGFR) and enables its constitutive signaling. EGF is an important regulator of corticotroph function and its receptor is highly expressed in Cushing's pituitary tumors, where it leads to increased ACTH synthesis in vitro and in vivo. The mutational hotspot found in corticotrophinomas hyper-activates USP8, enabling it to rescue EGFR from lysosomal degradation and ensure its stimulatory signaling. This review presents new developments in the study of the genetics of CD and focuses on the USP8-EGFR system as trigger and target of corticotroph tumorigenesis. European Journal of Endocrinology (2015) 173, M73-M83
Introduction
Chronic elevation of adrenocorticotropin (ACTH) concentrations released from corticotroph adenomas leads to Cushing's disease (CD). Its phenotypic features are recent weight gain, central obesity, skin changes, myopathy, disturbed mood and impaired reproductive function, among others. Untreated CD is associated with adverse outcomes. If left untreated, patients die from infections and cardiovascular consequences of glucocorticoid excess (1) . The morphologic basis of CD is corticotroph adenoma consisting of basophil cells expressing immunohistochemically ACTH and other POMC-derived peptides (2) . Corticotroph adenomas are usually small, and only 10-20% of tumors represent macroadenomas (3) . The typical patient with CD is female (female-to-male ratio 3-5:1) and 20-60 years of age (4) . The vast majority of corticotroph adenomas appear to be sporadic: patients with CD do not usually have family history of the disease, making disease-causing germline mutations unlikely. Corticotroph adenomas are typically isolated tumors consisting of a monoclonal cell population in a pituitary of normal size (5, 6, 7) . Selective transsphenoidal adenomectomy causes remission in 60-96% of patients (8, 9) .
Genetic events in CD
The genetic causes underlying corticotroph tumorigenesis have remained obscure until recently (10) . Mutations in proto-oncogenes like KRAS, RET, PTTG and c-MYC and in tumor suppressors like RB1 are very rarely reported in corticotrophinomas (10) . Mutations in the p53 gene (TP53) are extremely rare and were found only in atypical corticotroph (i.e., aggressive) tumors and carcinomas (11, 12) . CD is rarely seen in the context of genetic syndromes like multiple endocrine neoplasia MEN1 (MEN1 encoding menin), MEN4 (CDKN1B encoding p27/KIP1), McCune-Albright syndrome (GNAS oncogene encoding the stimulatory G protein Gsa) and never in Carney complex (PRKAR1A) (13, 14, 15) . Patients with McCune-Albright and Carney complex suffer from Cushing's syndrome due to adrenal hyperplasia rather than CD. One case of corticotrophinoma with GNAS mutation was described in a patient with McCune-Albright syndrome (16) . A CDKN1B variant has been observed in corticotrophinomas in a large cohort of sporadic pituitary adenomas (17) . Similarly, CD is rarely found in the context of familial isolated pituitary adenomas (FIPA) that describes the familial occurrence of isolated pituitary adenomas caused by germline aryl hydrocarbon receptor interacting protein (AIP) gene mutations in 20% of cases (18) . From a cohort of 74 pediatric patients with isolated CD, one presented with AIP and two with MEN1 mutations (14) . Altogether, mutations in MEN1, AIP, CDKN1B or CDKN2C (encoding p18/INK4C) are rarely found in patients with CD (14, 15, 19, 20) . These features point to evidence against inheritance caused by germline mutations and suggest an acquired genetic basis of CD.
CD was featured in an adult and in a pediatric patient with tuberous sclerosis, suggesting a putative role for TSC1 and TSC2 in pituitary tumorigenesis (21, 22) . An ACTHsecreting pituitary adenoma was identified in a patient with X-linked congenital adrenal hypoplasia and mutation in the X-linked NR0B1 gene encoding DAX-1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1) (23) . Mutations in the DICER1 gene encoding the ribonuclease type III that cleaves pre-microRNA to microRNA were found in pituitary blastomas causing infantile CD (24, 25) . Mutations in the glucocorticoid receptor gene were described in one patient with CD and resistance to glucocorticoids and in one with Nelson's syndrome (26, 27) . Recently, a somatic mutational hotspot was found in the gene encoding ubiquitin-specific protease 8 (USP8) in 30-60% of sporadic corticotrophinomas (28, 29) . The USP8 protein product controls the lysosomal trafficking and abundance of cell surface receptors, such as the epidermal growth factor receptor (EGFR), and enables their signaling (30, 31 ).
The EGFR system in CD
EGF is a prototype growth factor identified by its effect on precocious eyelid opening in newborn mice (32) . Soon it became evident that EGF is a potent mitogen that enhances DNA and protein synthesis and shifts metabolic activity in epithelial cells, although it does not have cell-transforming capacity per se (33) . EGF induces phosphorylation events in plasma membranes and its receptor was identified as a cellular homologue of the v-erbB oncogene and was found to possess intrinsic tyrosine kinase activity and an ability to undergo autophosphorylation. EGFR internalization has always been linked to its mitogenic potential (reviewed in (33) ). Meanwhile, experiments in rat pituitary cells demonstrated that EGF does not always elicit a mitogenic response but can nevertheless alter cell function and response to hormonal signals, revealing a dissociation between the mitogenic and cell differentiation properties (34) . EGF was found in the pituitary gland, together with other growth factors, where it acts in an autocrine/paracrine fashion to regulate hormone secretion and cell proliferation (reviewed in (35) ). The following section will focus on the expression profile and role of EGF and its receptor in ACTH-producing corticotroph cells.
Egf mRNA was also detected in gonadotrophs, and after cold stress in corticotrophs and thyrotrophs (36) . In human pituitary gland autopsies, EGF was present in the majority of endocrine cells on the anterior pituitary as determined by immunohistochemistry (38) . EGF immunoreactivity was prominent in the cytoplasm of the basophilic cells that infiltrate the posterior pituitary lobe and are ACTH immunopositive, and in Crooke cells associated with corticotrophinomas; the majority of EGF-immunopositive cells stained for ACTH (39) .
EGF binding sites were detected on the anterior pituitary by autoradiography on cells that were diagnosed as somatotrophs and lactotrophs based on morphology visualized by electron microscopy (40) . A MAB against the intracellular domain (E3138) revealed EGFR expression in corticotrophs as well as in other pituitary cell subpopulations (36) . In human pituitary autopsies, EGFR immunoreactivity was mainly detected in corticotrophs and lactotrophs using antibodies directed against the intracellular (clone F4) and extracellular (clone E30) domains (39, 41) .
EGF-EGFR in pituitary tumors
In pituitary tumors, initial studies linked EGF with nonfunctioning pituitary adenomas, based on secretion and immunohistochemistry (35, 42) . However, it soon became evident that EGF is present in human corticotrophinomas and tends to correlate with invasiveness (39, 43) . EGF binding was detected in pituitary tumors, despite the initial negative autoradiography results (41, 44, 45) . Semiquantitative reverse transcriptase PCR analysis and northern blot showed EGFR transcript in representatives of all pituitary tumor types, including all the assayed corticotrophinomas (38, 41) . In contrast, all tumors were negative for the constitutive active truncated EGFR variant III (41) . Initial immunohistochemical analysis revealed EGF and its receptor, as detected by two MABs against the cytoplasmatic (clone F4) and extracellular (clone 29.1) EGFR domains, mainly in the majority of the nonfunctioning pituitary adenomas in a set of 54 pituitary adenomas (42) . Use of another MAB against the extracellular receptor domain (MU 207/clone E30) showed EGFR expression in representatives from all pituitary tumor types in a series of 28 pituitary tumors (38) and in most corticotrophinomas in a series of 72 paraffinembedded pituitary tumors (41) . The different results obtained with the two MABs recognizing the extracellular EGFR domain may be due to the fact that the clone 29.1 antibody cross-reacts with glycosidic factors, possibly because it was raised against the carbohydrate epitope of EGFR. The predominance of EGFR in corticotrophinomas became evident through two independent studies on large series of pituitary adenomas (nZ58 and nZ102) using the clone F4 antibody (39, 41) . In both studies, immunopositive corticotrophinomas expressed EGFR in 50% of their endocrine cells. Differences in the sample size and in the immunohistochemistry and antigen retrieval protocols may explain the differences in the findings using the clone F4 antibody between the first (42) and the two subsequent studies (39, 41) . All EGFR-expressing corticotrophinomas showed immunoreactivity for the phosphorylated EGFR at tyrosine 992, indicative of activated receptor, a phenomenon that tended to be corticotrophinoma-specific as it was not observed in the majority of EGFR-immunopositive acromegalic tumors (41) .
EGFR and corticotroph function
The role of EGF on the regulation of ACTH synthesis was already suspected in the 1980s by observing a crosstalk with hypothalamic-pituitary-adrenal axis in vivo. EGF was as potent as CRH in triggering ACTH secretion in vivo and this was not accompanied by increased CRH and/or AVP, indicating a direct pituitary effect (46) . A parallel study in monkeys demonstrated that EGF-induced ACTH was due to increased CRH, an action hypothesized to take place on sites outside the blood brain barrier since it cannot be crossed by EGF (47) . The direct action of EGF on corticotrophs was confirmed by the increased number of cells expressing POMC and ACTH secretion from both mixed and (corticotroph)-enriched cultures, indicating that the presence of other pituitary cell populations does not interfere with its action (48) . Furthermore, EGF increased BrdU uptake (indicative of replicating cells) in ACTH enriched dispersed anterior pituitary cells (48, 49) . In primary cultures of male mouse anterior pituitaries, EGF treatment enhanced BrdU uptake in ACTH-(as well as in PRL-) immunopositive cells, but not in other pituitary cell subpopulations (37) . The EGFR inhibitor RG-13022 decreased the percentage of BrdU labeled cells immunoreactive for ACTH (and PRL), providing functional evidence for the presence of active receptors on corticotroph (and lactotroph) populations (50) .
EGF treatment increased Pomc transcription and ACTH secretion in EGFR-overexpressing corticotrophinoma cells and in corticotroph tumors from dogs and human patients with CD (51) . EGFR overexpression in the mouse corticotrophinoma AtT-20 cells (that do not express the receptor) triggered basal Pomc transcription www.eje-online.org (28) . All these effects were mediated through Erk1/2 and acted on the proximal to initiation site of the Pomc promoter (28, 51) . Treatment with the EGFR tyrosine kinase inhibitor gefitinib decreased ACTH synthesis and secretion in human corticotrophinomas in vitro and decreased tumor growth and corticosterone levels in a xenograft corticotroph tumor animal model, where it ameliorated the symptoms of CD (51) . In corticotrophinomas, EGFR immunoreactivity correlated with EGF (39), suggesting a possible autocrine regulatory loop. This is indicated by the presence of immunoreactivity for the phosphorylated, i.e., activated, receptor in these tumors (41, 52) . EGFR-expressing corticotrophinomas also had very weak or absent immunoreactivity for the cell cycle inhibitor p27 (41) . This is of interest, since loss of p27 protein (but not transcript) is a prominent feature of human corticotrophinomas (53, 54) . One hypothesis is that activated EGFR triggers signaling cascades that downregulate p27 in corticotrophinomas, which in addition to the stimulatory action on ACTH synthesis contributes to their tumorigenesis.
Somatic USP8 mutations in CD

Regulation of EGFR downregulation by ubiquitination and deubiquitination
Ubiquitin is a 76-amino-acid protein that is highly conserved in eukaryotes. Ubiquitin is conjugated, via the C-terminal carboxyl group, to the 3-amino group of Lys residues in various proteins in the cell by an isopeptide bond (55) . Additional ubiquitin molecules are further conjugated to the already-conjugated ubiquitins sequentially, leading to the formation of polyubiquitin chains on the substrate proteins. This post-translational modification, referred to as ubiquitination, is catalyzed by sequential actions of three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3). Approximately 500 E3 enzymes, each of which is considered to ubiquitinate specific substrate proteins, are encoded in the human genome (56) . Ubiquitination regulates the fates or functions of the substrate proteins in multiple ways: it participates in protein degradation in the proteasome, DNA repair, endocytosis and lysosomal trafficking, NFkB signaling and so on (57) . Like protein phosphorylation, which is reversed by phosphatases, ubiquitination is a reversible reaction opposed by a family of deubiquitinases (DUBs) that remove the ubiquitin moiety from substrate proteins by hydrolyzing the isopeptide bond between them (58) .
The human genome encodes w90 DUBs (59) . The numbers of human E3 enzymes (w500) and DUBs (w90) suggest that the functions of many intracellular proteins are regulated by a balance of ubiquitination and deubiquitination.
For plasma membrane proteins, ubiquitination serves as a signal that delivers the protein from the cell surface to lysosomes (60, 61, 62) . In mammalian cells, such a role of ubiquitination has most intensively been studied for EGFR. Upon EGF binding on the cell surface, activated EGFR is rapidly internalized and transported, via early and late endosomes, to lysosomes where EGFR is degraded by proteolytic hydrolases. This process, referred to as receptor downregulation, is a cellular strategy to prevent the cells from responding excessively to EGF due to sustained signals from activated EGFR (63) . An E3 enzyme c-Cbl is recruited to ligand-activated EGFR and ubiquitinates the receptor, adding a tag that targets activated EGFR to lysosomes for degradation (64, 65) . We and others have previously shown that USP8, also known as UBPY, is a DUB that deubiquitinates EGFR on early endosomes, thereby removing the lysosome-targeting tag and suppressing its downregulation (30, 66) . Vertebrate USP8 proteins have a conserved 14-3-3 protein-binding motif (14-3-3 BM), RSYSSP (Fig. 1 ). 14-3-3 proteins, composed of seven isoforms in humans, are regulatory proteins that bind to a consensus amino acid sequence, RSXpSXP, where X and pS represent any amino acid and phosphorylated Ser respectively and thereby regulate the functions (e.g., subcellular localization and enzymatic activity) of various 14-3-3 BM-bearing intracellular proteins (67) . We have demonstrated that the binding of 14-3-3 proteins to the 14-3-3 BM of mouse USP8 suppresses its DUB activity toward ubiquitinated EGFR (68), although how 14-3-3 protein binding regulates USP8 activity has remained unknown until recently.
Hotspot mutations in USP8 in corticotrophinomas
To elucidate the molecular mechanisms underlying the pathogenesis of CD, whole exome analyses of corticotrophinomas removed from pituitaries of the CD patients were performed (28, 29) . As a result, 19 different mutations were identified in or adjacent to the 14-3-3 BM of USP8, and replicated by targeted sequencing, in 35% (six out of 17) (27) and 62.5% (75 out of 120) (29) of corticotrophinomas ( Fig. 1 ). Both the mutant and WT USP8 sequences were detected in the adenoma DNA samples, and the mutations were not detected in the germline of the patients, suggesting that they are somatic heterozygous mutations.
Among the USP8 mutants examined, p.Ser718Pro, p.Ser718Cys, p.Ser718del and p.Pro720Arg almost completely lost binding to 14-3-3 proteins, while the p.[Leu713Arg;Tyr717Cys] mutant retained some 14-3-3 binding ability. When immunopurified USP8 mutants were incubated with ubiquitinated EGFR, mutants except for p.[Leu713Arg;Tyr717Cys] exhibited higher DUB activity than WT USP8 (28), consistent with our previous results in mouse USP8 lacking 14-3-3 binding (68) .
The level of the elevated DUB activity varied among the USP8 mutants. During the course of the experiments, it was noticed that in addition to the 130-kDa full-length Hotspot gain-of-function mutations in USP8 in corticotrophinomas. In WT human USP8, 14-3-3 proteins bind to the 14-3-3 BM, RSYSSP, when Ser 718 is phosphorylated. Nineteen hotspot mutations in or around the 14-3-3 BM were recently identified in corticotrophinomas taken from the CD patients (28, 29) .
Pink arrowheads indicate most frequently identified mutations. Tyr717Cys] mutant with similar or even weaker DUB activity than WT USP8. Examination of the tryptic peptides of the 90-and 40-kDa fragments by tandem mass spectrometry determined the C-terminus of the 90-kDa fragment as the Lys residue immediately upstream of the 14-3-3 BM, and the N-terminus of the 40-kDa fragment as the first Arg residue of the 14-3-3 BM, indicating that the USP8 mutants are susceptible to cleavage adjacent to the 14-3-3 BM (Fig. 1) . The C-terminal 40-kDa fragment (USP8-C40) harbors the whole catalytic domain and acquires an elevated DUB activity. Introduction of the p.Ser718Pro, p.Ser718Cys, p.Ser718del or p.Pro720Arg mutation into USP8-C40 did not further elevate the catalytic activity, suggesting that the cleavage but not the amino acid replacements/ deletion is responsible for the elevated USP8 activity. Thus, the CD USP8 mutants, except for p.[Leu713Arg;-Tyr717Cys], lack 14-3-3 protein binding and are prone to cleavage adjacent to the 14-3-3 BM, resulting in high catalytic activity (28) .
The CD USP8 mutants affect EGFR downregulation and ACTH synthesis
When the p.Ser718del mutant or C40 form of USP8 was overexpressed in cultured cells, the level of EGF-induced EGFR ubiquitination was reduced compared to cells overexpressing WT USP8. Co-immunoprecipitation experiments showed that EGFR from both untreated and EGF-treated cells binds to the WT and p.Ser718del mutant as well as C40 forms of USP8 but not the 90-kDa fragment, indicating that USP8-C40 interacts with and excessively deubiquitinates EGFR in vivo, and supporting the theory that EGFR is a bona fide substrate of USP8-C40 (28) . Examination of EGFR endocytosis in cultured cells expressing the CD mutant or C40 forms of USP8 showed that their overexpression, but not that of WT USP8, causes retention of EGFR on the cell surface after EGF stimulation. A catalytically-inactive mutant of C40 was without effect, indicating that the USP8 mutants inhibit EGFR downregulation in a DUB activity-dependent manner. When recycling of endocytosed EGFR from early endosomes to the plasma membrane was blocked by overexpression of a GDP-fixed mutant of Rab11, a small GTPase required for the recycling pathway (69), EGFR was stuck on Rab11-positive recycling endosomes in C40expressing cells but not in mock-transfected cells or those expressing a catalytically-inactive mutant of C40. In addition, immunofluorescence staining of EGF-treated cells for activated (Thr202-and Tyr204-phosphorylated) Erk1/2 showed that Erk1/2 are still active after 2 h of EGF treatment in cells overexpressing the CD mutant or C40 forms of USP8. Collectively, these results suggest that the USP8 mutants promote recycling of activated and endocytosed EGFR back to the plasma membrane and cause sustained EGF signaling (28) . Consistently, a more recent study showed that the EGFR protein level is elevated in human corticotrophinoma tissues with a USP8 mutation, and the level was decreased in primary culture of USP8mutated corticotrophinomas by RNA interferencemediated depletion of USP8 (29) .
The effect of the USP8 mutations on ACTH synthesis and secretion was examined in AtT-20 mouse corticotrophinoma cells. In EGFR-transfected AtT-20 cells, co-expression of the CD mutant or C40 forms but not WT of USP8 further elevated the Pomc promoter activity. Treatment of EGFR-transfected AtT-20 cells with EGF resulted in elevated ACTH secretion from the cells, and overexpression of the CD mutant or C40 forms of USP8 reinforced the effect of EGF. Elevation in the Pomc promoter activity by the CD mutant or C40 forms of USP8 depended on the activator protein-1 (AP1) transcription factor-responsive element in the Pomc gene, which is activated downstream of Erk1/2 ((70); Fig. 2 ). On the other hand, overexpression of the CD mutant or C40 forms of USP8 did not significantly accelerate the proliferation of EGFR-transfected AtT-20 cells in the presence or absence of EGF compared to that of WT USP8, suggesting that in corticotroph, sustained EGF signaling caused by the USP8 mutations affects ACTH synthesis more profoundly than cell proliferation (28) . In primary cultures of USP8mutated human corticotrophinomas, USP8 depletion led to reduced level of ACTH secretion (29) .
Another role of the CD USP8 mutants in the nucleus?
Cytoplasmic localization of hyper-active USP8-C40 suggests that the cytoplasmic DUB activity of USP8 is responsible for the pathogenesis of CD. WT USP8 is also localized to the cytoplasm in normal human corticotrophs. In corticotrophinomas of the CD patients, however, all the USP8 mutants were detected in the nucleus. Consistently, most of the ectopically-expressed USP8 mutants exhibited nuclear localization also in cultured cells. The p.[Leu713Arg;Tyr717Cys] mutant, which is most exclusively localized to the nucleus among the mutants, does not undergo proteolytic activation. These observations raise the possibility that the CD USP8 mutants have a yet-to-be identified nuclear function that has another important role in the pathogenesis of CD. Interestingly, there is an evidence for nuclear action of EGF. Studies in pituitary tumor cells have shown that EGF accumulates in the nucleus under conditions that inhibit its lysosomal degradation, an effect that was attributed to the fusion of endocytic vesicles with the outer nuclear membrane (71) . EGFR was shown to translocate to the nucleus, where it enhances the transcription of genes involved in cell cycle progression like CCND1 encoding cyclin D1 (72) . Cyclin D1 overexpression that is the functional characteristic of nuclear EGFR is not featured in human corticotrophinomas (10) . Nevertheless, nuclear EGFR was detected by immunofluorescence in this pituitary tumor subtype (50) . Nuclear EGFR deubiquitination by nuclearly-located USP8 mutants may regulate the nuclear function of EGFR. Alternatively, the USP8 mutants might have other nuclear substrate(s), whose 
Implications
We have recently unveiled a molecular basis for the pathogenesis of CD in one-third of the patients: gainof-function mutations in the DUB gene USP8 lead to excessive deubiquitination and reduced downregulation of EGFR, which in turn result in sustained EGF signaling and hypersecretion of ACTH (28) . These outcomes suggest that inhibiting USP8 activity in corticotrophinomas could be therapeutic to CD. In addition, because the USP8 mutants are hyper-activated by cleavage, inhibiting the cleavage could also be therapeutic to CD. Identification of the protease responsible for the proteolytic activation of USP8, and screening for chemical compounds that inhibit USP8 or the unidentified USP8 protease, are therefore of medical importance for the development of anti-CD drugs. A more recent study confirmed our observation reporting USP8 mutations in 67 of 108 corticotrophinomas (62%) from Chinese patients (29) . Inhibiting EGFR could also be applied to the therapy of CD harboring USP8 mutations because direct inhibition of EGFR by gefitinib in primary cultures of USP8 mutant corticotroph adenomas attenuated ACTH release (29) . Upregulation of EGFR has been implicated in various tumors and cancers (73) . However, mutations in the 14-3-3 BM of USP8 are rarely found in whole genome analyses of such disease tissues (COSMIC database, http://cancer. sanger.ac.uk/cancergenome/projects/cosmic/). Furthermore, a significantly elevated level of cell proliferation is not observed in corticotrophinomas in CD patients, raising the possibility that additional proteins besides EGFR are targeted by USP8. If deubiquitinated and stabilized by USP8 mutations, they may contribute to the pathogenesis of CD. These could be other corticotrophspecific plasma membrane protein(s) acting upstream of POMC gene expression. Because the USP8 mutants exhibit nuclear localization, it is possible that the target could even be a nuclear protein that, for instance, regulates POMC gene expression.
CD patients with corticotrophinomas positive for USP8 mutations (USP8mutC) were more frequently female and had a tendency for smaller tumor size compared to those with USP8 WT tumors (28) . The more extended cohort of Ma et al. (29) (nZ120) showed comparable ACTH levels, midnight serum cortisol and 24-h urinary free cortisol in patients with USP8mutC and WT corticotrophinomas, despite the smaller size of USP8mutC tumors. This together with the increased levels of tumor POMC transcript in the USP8mutC tumors suggests ACTH hypersecretion. Further studies are needed to address in detail the clinical impact of USP8 mutations in CD presentation and management. In addition, information is missing on the role of USP8 mutational status in the development of resistance to glucocorticoid feedback inhibition, a hallmark of CD. Glucocorticoid resistance is mainly due to deregulated glucocorticoid receptor transrepression regulation and chaperon proteins, but the responsible genetic defects remain for the most part unclear (74, 75) . Altogether, the finding in CD tumors of a single mutational hotspot on the USP8 gene that encodes for an important regulator of protein stability and function serves as a focal point for the better understanding of corticotroph tumor development and the development of effective tumor-targeted therapies.
